Background
==========

Lung cancer is the most common malignancy in the world, with the highest rate of mortality and a very low survival rate \[[@b1-medscimonit-24-2750]\]. According to GLOBOCAN data, about 1.8 million patients were diagnosed with lung cancer worldwide in 2012, accounting for about 13% of the total number of new cases of cancer \[[@b2-medscimonit-24-2750]\]. In China, lung cancer is reported to have the highest morbidity and mortality among all cancers \[[@b3-medscimonit-24-2750]\]. Non-small cell lung cancer (NSCLC) is the most frequent malignant lung cancer, with a high percentage of distant metastases in initial staging \[[@b4-medscimonit-24-2750]\]. The rate of brain metastasis has been reported to be up to 43% \[[@b5-medscimonit-24-2750], [@b6-medscimonit-24-2750]\]. Cough, shortness of breath, weight loss, loss of appetite, and chest tightness seriously impair the quality of life \[[@b7-medscimonit-24-2750]\]. The current treatment method for NSCLC is mainly surgical resection combined with chemotherapy and radiotherapy \[[@b8-medscimonit-24-2750]\]. However, there are many postoperative complications after surgical resection, such as tumor cells metastases and systemic inflammatory response \[[@b9-medscimonit-24-2750],[@b10-medscimonit-24-2750]\]. It is well known that, with the administration of chemotherapeutic agents, cancer cells can undergo adaptive changes and update their drug resistance ability, thus reducing the efficacy of chemotherapy drugs \[[@b11-medscimonit-24-2750]\]. In recent years, target therapy using RNAi as a novel method has attracted much attention as it reduces the risk of target-related adverse effects, particularly for specific diseases \[[@b12-medscimonit-24-2750]--[@b15-medscimonit-24-2750]\].

Interleukin-22 (IL-22), a member of the IL-10 cytokine family, only acts on interleukin-22 receptor 1 (IL-22-R1)-positive epithelial cells \[[@b16-medscimonit-24-2750]\]. As a pro-inflammatory factor, IL-22 is involved in the pathogenesis of rheumatoid arthritis and inflammatory bowel disease \[[@b17-medscimonit-24-2750],[@b18-medscimonit-24-2750]\]. In addition, more and more studies have revealed the abnormal expression of IL-22 in various malignant tumor tissues or cell lines, and it can act as both an oncogene and a tumor suppressor gene. Zhang et al. suggested that IL-22 production improved the survival of human lung cancer cells and resistance to chemotherapy via up-regulating the expression of antiapoptotic proteins \[[@b19-medscimonit-24-2750]\]. Bi et al. found that administration of IL-22 promoted tumor cell proliferation, migration, and invasion. Furthermore, they suggested that knockdown of IL-22R1 by siRNA completely eliminated the changes of NSCLC cell proliferation and migration caused by IL-22 treatment \[[@b20-medscimonit-24-2750]\]. Moreover, studies have revealed that the expression level of IL-22 in tumor tissue and serum was related to the drug resistance of FOLFOX \[[@b21-medscimonit-24-2750]\]. These findings indicate that IL-22 plays a critical role in the development and progression of NSCLC, and the level of IL-22 might be related to chemotherapy resistance.

PTX, a chemotherapy drug, can be effective against malignant NSCLC \[[@b22-medscimonit-24-2750]\], and the most encouraging effects are observed in cancer chemotherapy for refractory ovarian cancer \[[@b23-medscimonit-24-2750]\]. But there is also growing evidence suggesting that cancer cells are resistant to PTX during treatment \[[@b24-medscimonit-24-2750]\], thereby reducing the therapeutic effect. Therefore, research on the mechanism of anti-cancer drug resistance is very important.

In the present study, we aimed to determine whether IL-22 plays a role in drug resistance of PTX, and to explore the possible molecular mechanism by which IL-22 functions in PTX resistance, in an effort to provide a theoretical basis for improving the clinical efficacy of PTX in the treatment of NSCLC.

Material and Methods
====================

Cell culture
------------

The human lung adenocarcinoma epithelial cell line A549 was supplied by the American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin mix solution (Sigma, Poole, United Kingdom). The PTX-resistant cell line (A549/PTX) was purchased from KeyGEN biotech (Nanjing, China) and grown in complete 1640 medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin mix solution, and 100 ng/mL PTX (Sigma, Poole, United Kingdom). Both cell lines were maintained at 37°C with 5% CO~2~.

Transfection of IL-22-siRNA
---------------------------

For cell transfection, Lipofectamine2000 transfection reagent (Invitrogen) was used. IL-22-siRNA or the negative control siRNA (Santa Cruz, CA, USA) was transiently transfected into A549/PTX cells using 20 μL transfection reagent (Santa Cruz, CA, USA) following the manufacturer's instructions. After incubation for 48 h, the cells were used for the following analyses.

MTT assay
---------

The cell proliferation inhibition rate of PTX to A549 and A549/PTX cells was measured by MTT assay. Briefly, after washing with PBS, the A549 and A549/PTX cells were re-suspended in a final concentration of 1×10^4^/mL in RPMI-1640 medium. Cells were then seeded into a 96-well plate and cultured at 37°C for 24 h, then the cells were treated with various concentrations of PTX (6.25 μg/mL, 12.5 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL) for 48 h. Subsequently, MTT (5 mg/mL) was added to each well and incubated at 37°C for 4 h. Finally, DMSO was used to terminate the reaction. A SynergyTM 2 Multi-function Microplate Reader (Bio-Tek Instruments, Winooski, VT, USA) was used to detect the optical absorbance (OD) at 490 nm. Cell proliferation inhibition rate and the IC~50~ value were calculated. Experiments were done in triplicate.

Western blot analysis
---------------------

For protein level detection, Western blot analysis was performed. Total cellular proteins were extracted by using RIPA buffer (Sigma). The protein concentration was detected using Bio-Rad protein assay (Bio-Rad Laboratories). Protein extracts were subjected to electrophoresis on a 12% SDS-PAGE and then electrophoretically transferred onto nitrocellulose membranes. Subsequently, the membranes were blocked with 5% skim milk at room temperature for 1 h, and then successively incubated with specific antibodies for 3 h. After washing 3 times with TBS-Tween 20, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. At the end of the experiment, an enhanced chemiluminescence detection system (Super Signal West Dura Extended Duration Substrate; Pierce Chemical) was used out to visualize the protein bands.

qRT-PCR
-------

Total RNA was extracted from A549 and A549/PTX cells using TRIzol regent (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. RNA was quantified by measuring 260 nm/280 nm using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Inc.). The PrimeScript reverse transcription reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) was used to synthesize cDNAs according to the manufacturer's instructions. Subsequently, the TaqMan Universal PCR Master Mix kit (Thermo Fisher Scientific, Inc.) was used to analyze the cDNAs. The amplification conditions were 95°C for 10 min, followed by 37 cycles of 95°C for 10 s and 56°C for 60 s. Primer sequences for qPCR were as follows:

1.  GAPDH-Forward: 5′CTTTGGTATCGTGGAAGGACTC3′;

2.  GAPDH-Reverse: 5′GTAGAGGCAGGGATGATGTTCT3′;

3.  IL-22-Forward: 5′GCTTGACAAGTCCAACTTCCA3′;

4.  IL-22-Reverse: 5′GCTCACTCATACTGACTCCGT3′.

GAPDH was used as an internal control. The 2^−ΔΔCq^ method was used to quantify relative gene expressions \[[@b25-medscimonit-24-2750]\].

Flow cytometry assay
--------------------

Annexin V/propidium iodide double-staining method was used to analyze cell apoptosis. At 48 h after cell transfection, cells were treated with 5 μl PTX for 24 h. Then, cells were labeled with annexin V-FITC and propidium iodide (PI) for cell apoptotic rate detection following the manufacturer's instructions. Flow cytometry (Becton Dickinson, New Jersey, USA) was performed to analyze the cells. Each experiment was independently repeated at least 3 times.

Statistical analysis
--------------------

All quantitative data are displayed as the mean ± standard deviation (SD). Student's t-test or ANOVA was carried out to make comparisons between groups. For all statistical analyses, a value of p\<0.05 was identified as statistically significant.

Results
=======

A549 and A549/PTX cell line culture results
-------------------------------------------

A549 and A549/PTX cells were chosen to perform our present investigation. Cell growth can be judged by cell morphology. According to [Figure 1](#f1-medscimonit-24-2750){ref-type="fig"}, under the 10× optical microscope, A549 and A549/PTX cell appearance was regular spindle and adherent growth. After 24 h, the number of cells increased significantly and cell morphology was normal. After 48 h, the cells reached almost 95% confluent state. These results suggested that all cells remained healthy under our culture conditions.

A549/PTX was confirmed to be PTX-resistant
------------------------------------------

A549 and A549/PTX cells were treated with different concentrations of PTX (6.25 μg/mL, 12.5 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL) for 24 h, then cell proliferation inhibition rate was detected and IC~50~ value was calculated. As shown in [Figure 2](#f2-medscimonit-24-2750){ref-type="fig"}, PTX inhibited A549 and A549/PTX cell proliferation in a dose-dependent manner. The IC~50~ value of PTX to A549 cells was 39.97 μM, while it was 60.40 μM in A549/PTX cells. The data indicated that A549/PTX cells were resistant to PTX treatment.

IL-22 was significantly up-regulated in A549/PTX cells
------------------------------------------------------

Previous studies have shown that IL-22 plays critical roles in tumor progression. To study whether IL-22 is involved in lung cancer cell resistance to PTX, we detected the IL-22 expression level in A549 and A549/PTX cells. As shown in [Figure 3](#f3-medscimonit-24-2750){ref-type="fig"}, the protein and mRNA levels of IL-22 in A549/PTX cells were significantly higher than in A549 cells. This result was consistent with the previous reported findings. Thus, IL-22 might be closely associated with PTX resistance in A549/PTX cells.

To explore how IL-22 participates in drug resistance, IL-22 was knocked-down in A549/PTX cells by transfection with IL-22-siRNA. The transfection efficiency was determined by Western blot assay and qRT-PCR. The Western blotting results suggested that after transfection with IL-22-siRNA, the protein expression level of IL-22 was significantly down-regulated in A549/PTX cells. No significant difference was found between the control group and the negative control group. The results of qRT-PCR were consistent with the Western blotting results ([Figure 4](#f4-medscimonit-24-2750){ref-type="fig"}).

IL-22 knockdown proved the sensitivity of A549/PTX cells to PTX
---------------------------------------------------------------

After specific treatment, cell proliferation inhibition rate and IC~50~ value of PTX to A549/PTX cells were determined. Compared with the negative control group and control group, the cell proliferation inhibition rate was notably enhanced in the IL-22 knockdown group. The IC~50~ values of PTX to A549/PTX cells in the 3 groups were 59.01, 59.77, and 28.13 μM, respectively ([Figure 5](#f5-medscimonit-24-2750){ref-type="fig"}), indicating that the sensitivity of A549/PTX to PTX was significantly improved after transfection of IL-22-siRNA.

IL-22 knockdown increased apoptosis in A549/PTX cells
-----------------------------------------------------

To investigate the influences of IL-22 on cell apoptosis of A549/PTX cells, Annexin V-FITC/PI double-staining was performed. The findings suggested that compared with the control group and the negative control group, the apoptosis rate of IL-22-siRNA group was markedly increased (p\<0.05). No significant difference was found between the control group and the negative control group ([Figure 6](#f6-medscimonit-24-2750){ref-type="fig"}).

IL-22 modulated JNK signaling pathway
-------------------------------------

To explore the underlying molecular mechanism of the role of IL-22 cell PTX resistance, we assessed the JNK signaling pathway. The results showed that IL-22-siRNA transfection activated the JNK signaling pathway, as p-JNK expression was notably increased in IL-22 knockdown A549/PTX cells. Moreover, we found that compared with the control group and the negative control group, Caspase 3 expression was significantly increased in IL-22 knockdown A549/PTX cells, while Bcl-2 expression was significantly decreased ([Figure 7](#f7-medscimonit-24-2750){ref-type="fig"}).

Discussion
==========

Drug resistance is the major factor that affects the efficacy of chemotherapy in patients with lung cancer. There are many factors that affect the resistance of NSCLC drug resistance, including the increased expression of resistant multidrug (MDR) gene and multidrug resistance-associated protein (MRP) genes and their products, as well as the decreased expression of Topoisomerase II (Topo II) and Glutathione (GSH) and elevation of the glutathione S transferase (GST) system. In addition, studies have shown that the abnormal expression of related factors in cell signal transduction, DNA repair abnormality in tumor cells, and the aberrant expression of other related genes are closely related to lung cancer drug resistance \[[@b26-medscimonit-24-2750],[@b27-medscimonit-24-2750]\].

In recent years, inflammatory factors in the tumor micro-environment have been confirmed to play important roles in the development and progression of tumors \[[@b28-medscimonit-24-2750],[@b29-medscimonit-24-2750]\], and this topic has attracted much attention. IL-22, a pro-inflammatory factor, is abnormally expressed in a variety of malignancies, and it has been suggested to be associated with chemotherapy drug resistance \[[@b21-medscimonit-24-2750]\]. PTX-based chemotherapy is a standard treatment for NSCLC, but treatment often fails due to drug resistance. Therefore, in this study, we assessed whether IL-22 was involved in NSCLC cell resistance to PTX, and explored the underlying molecular mechanism. We first determined that the cell lines were able to grow normally under our culture conditions, and A549/PTX cells were resistant to PTX treatment. Further analysis indicated that IL-22 expression level was significantly higher in A549/PTX cells than in A549 cells. IL-22 gene knockdown significantly promoted the cell proliferation inhibition rate of PTX to A549/PTX cells, decreased the IC~50~ value of PTX to A549/PTX cells, and increased PTX induced apoptosis in the A549/PTX cells. These findings indicate that IL-22 is involved in cell PTX resistance.

Evidence has revealed that the c-Jun N-terminal kinases (JNK) signaling pathway is activated in tumor cells after PTX treatment, and JNK signaling activation is associated with PTX sensitivity \[[@b30-medscimonit-24-2750],[@b31-medscimonit-24-2750]\]. In addition, the binding of IL-22 to its specific receptor IL-22R can induce JNK pathway activation in tumor cells, thus playing a role in regulating the biological function of tumor cells \[[@b32-medscimonit-24-2750],[@b33-medscimonit-24-2750]\]. To explore the underlying molecular mechanism of the role IL-22 plays in cell PTX resistance, the JNK signaling pathway was analyzed in the present study. The results suggest that IL-22 knockdown activates the JNK signaling pathway.

We reported the effect of IL-22 on NSCLC paclitaxel resistance for the first time, and the data indicated that IL-22 was involved in A549 cell resistance to PTX through regulating cell apoptosis via the JNK signaling pathway.

Conclusions
===========

IL-22 may serve as a novel therapeutic target in NSCLC treatment in the future, as well as an effective molecular marker to predict the sensitivity of patients to chemotherapy drugs, which can better guide the individual treatment and improve the efficacy of chemotherapy.
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![A549 and A549/PTX cell culture results. Cell morphology was observed and photographed under the 10× optical microscope.](medscimonit-24-2750-g001){#f1-medscimonit-24-2750}

![Cell proliferation inhibition rate and IC~50~ between A549 and A549/PTX cells. A549 and A549/PTX cells were treated with different concentrations of paclitaxel (6.25 μg/mL, 12.5 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL) for 24 h. Then, cell proliferation inhibition rate was detected by MTT assay, and the IC~50~ value was calculated.](medscimonit-24-2750-g002){#f2-medscimonit-24-2750}

![IL-22 expression in A549 and A549/PTX cells. (**A**) The IL-22 protein expression level in A549 and A549/PTX cells was detected using western blot; (**B**) Relative mRNA expression level of IL-22 was measured by qRT-PCR. \*\* p\<0.05.](medscimonit-24-2750-g003){#f3-medscimonit-24-2750}

![IL-22 was knocked-down in A549/PTX cells. A549/PTX cells were transfected with IL-22-siRNA and the negative control siRNA respectively. Cells without any treatment were used as the control group. At 48 h after cell transfection, the expression level of IL-22 was determined. (**A**) The IL-22 protein expression level in A549/PTX cells was detected using Western blot; (**B**) Relative mRNA expression level of IL-22 was measured by qRT-PCR. \*\* p\<0.05. Con -- control; NC -- negative control.](medscimonit-24-2750-g004){#f4-medscimonit-24-2750}

![Effect of IL-22 on the cell proliferation inhibition rate and IC~50~ of PTX to A549/PTX cells. At 48 h after cell transfection, A549/PTX cells were treated with different concentrations of paclitaxel (6.25 μg/mL, 12.5 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL) for 24 h, then cell proliferation inhibition rate was detected by MTT assay, and the IC~50~ value was calculated. \*\* p\<0.05. Con -- control; NC -- negative control.](medscimonit-24-2750-g005){#f5-medscimonit-24-2750}

![IL-22 knockdown increased apoptosis in A549/PTX cells. At 48 h after cell transfection, A549/PTX cells were treated with different concentrations of paclitaxel (6.25 μg/mL, 12.5 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL) for 24 h, then cell apoptosis (early apoptosis + late apoptosis) was analyzed by FCM. \*\* p\<0.05. Con -- control; NC -- negative control.](medscimonit-24-2750-g006){#f6-medscimonit-24-2750}

![IL-22 modulated JNK signaling pathway. At 48 h after cell transfection, A549/PTX cells were treated with different concentrations of paclitaxel (6.25 μg/mL, 12.5 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL) for 24 h, then the JNK signaling pathway was analyzed. (**A**) The protein expression level of p-JNK, Caspase3, and Bcl-2 in A549/PTX cells was detected using Western blot; (**B--E**) p-JNK, Caspase3, and Bcl-2 protein expression was quantified and expressed as fold of the control; \*\* p\<0.05. Con -- control; NC -- negative control.](medscimonit-24-2750-g007){#f7-medscimonit-24-2750}
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